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Response of Lead Cycling in the Surface Sargasso Sea to Changes 
in Tropospheric Input 
ALAIN J. VERON, • THOMAS M. CHURCH,: A. RUSSELl. FLEGAL, 3CLAIR C. PATTERSON, 4 AND YIGAL EREL 4 
Lead and its stable isotopes have been analyzed in surface water samples (0-600 m) and trapped 
pro'fides collected at the Bermuda Atlantic Time Series Station (U.S. Joint Global Ocean Flux Study) in April 
and November 1989. These results are compared with wet atmospheric lead deposition as determined from 
precipitation continuously collected in Bermuda since August 1988 as part of the Atmosphere-Ocean 
Chemistry Experiment progrin. Despite an expected seasonal variability, lead concentrations in surface 
waters have clearly decreased by 30 to 40% since 1979 in response to a corresponding decline by a factor of 
5 to 8 of the tropospheric deposition. This result is corroborated by stable lead isotope measurements with 
2ø6•Pb ratios which are significamfiy less radiogenic (1.18-1.20) in the first 500 m of the 1989 profile 
than those measured in 1984 (1.20-1.21). This isotopic shift reflects changes of lead ore supply in the United 
States as well as a relative increase of the Eurafriean contribution to lead input in the northwest Ariantie that 
is likely due to the reduction of lead emissions from gasoline consumption in North America. This fast 
•onse of lead to interannual variations of the troposphere input into surface waters is related to its 
efficient bioreaefivity, as demonstrated with a sediment trap deployed at 150 m in April 1989. Sediment rap 
results show the rapid penetration of lead into the first 200 m associated with large particles during a period 
of high plankton activity. Retrospective isentropie •ir mass trajectories in three dimensions coupled with the 
precipitation events collected in Bermuda in 1988-1989 show that 30 to 40% of the annual ead deposition 
originates from the trade easterly meteorological regime. This input is clearly evidenced with lead isotopic 
signals observed in surface waters (0-100 m) in April and November 1989. We show that lead accumulated 
in the seasonal mixed layer (0-50 m) reflects this atmospheric nput. Taking into account he isotopic signal 
measured in this mixed layer (1.178•0.001) as well as the respective contribution of the temperate westerlies 
and trade easterlies to atmospheric lead deposition to the Sargasso Sea, we calculate that the isotopic 
signature from the Euraffican regions is 1.155 (•0.004). Based on these results, we calculate that the actual 
206pb/•Pb average ratio in surface waters of the Sargasso Sea is 1.188 (•0.004). 
INTRODUCTION 
From the 1930s through the 1970s, the deposition of 
anthropogenic lead increased by a factor of 3 to 5, primarily 
because of the consumption of leaded gasoline in the northern 
hemisphere [Murozomi et al., 1969; Shen and Boyle, 1988] 
causing lead to be the most atmospherically enriched metallic 
pollutant from anthropogenic activities. As a consequence, 
contaminant lead constitutes more than 95% of the lead in the 
troposphere and surface waters of the North Atlantic, 
perturbating natural lead seawater profries and cycling [Duce et 
al., 1976; Ng and Patterson, 1981; Schaule and Patterson, 
1983; Patterson, 1987; Patterson and Settle, 1987; Vdron et 
al., 1987; Nriagu and Pacyna, 1988]. U.S. regulations on lead 
concentrations in gasoline have resulted in a reduction of lead 
emissions in North America since the mid 1970s. The increase 
and subsequent decrease in lead deposition has been monitored 
using stable radiogenic isotopes of lead (M= 206, 207, 208) 
measured in corals [Sheri and Boyle, 1987], in lake sediments 
[Shirahata et al., 1980] and in stream waters [Erel et al., 1990]. 
These isotopes display characteristic anthropogenic signatures 
from the different countries surrounding the North Atlantic 
owing to the variety of lead ores used to produce alkyl lead or 
nonferrous alloy [Chow et al., 1975; Church et al., 1990; 
Hopper et al., 1991]. As such, lead isotopes are efficient tracers 
of the sources and transport processes of pollutant trace metals 
in the marine environment [Sheri and Boyle, 1988; Flegal et 
al., 1989; Maring et al., 1989; Sturges and Barrie, 1987, 
1989a, b; Hamelin et al., 1989; Church et al., 1990; Vdron et 
al., 1992]. 
Anthropogenic lead is very reactive in the ocean, causing 30 
to 40% of the contaminant lead deposited in the surface waters 
to be readily accumulated in surficial pelagic sediments [Vdron 
et al., 1987; Hamelin et al., 1990] because of rapid vertical 
transport associated with large marine particles generated in 
the euphotic zone [Lambert et al., 1991] and to a lesser extent 
with small suspended material repackaged at greater depth 
[Sherrell et al., 1992]. One of the main uncertainties regarding 
lead cycling in the ocean is due to the variations of the input 
function. Lead concentrations in surface waters show seasonal 
variations related to hydrographic features, biological activity, 
and aeolian deposition [Boyle et al., 1986], the relative 
contributions of which are difficult to evaluate. In order to 
tel'me budget calculations and better understand the response of 
surface seawater to modifications of the tropospheric input, we 
have analyzed lead and its stable isotopes in surface waters (0- 
600 m) and large particles in April and November 1989 at the 
Joint Global Ocean Flux Study (JGOFS) Bermuda Atlantic Time 
Series (BATS) station near Bermuda (31ø5N, 64ø1W). These 
results are compared to the atmospheric deposition as 
calculated from lead concentrations measured in precipitation 
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Fig. 1. Monthly wet deposition of lead in Bermuda (Tudor Hill) during 1988 and 1989 as calculated from rain events 
continuously collected as part of the Atmosphere-Ocean Chemistry Experiment program. 
analysis in the Sargasso Sea that can be compared with our data 
in order to evaluate the temporal dynamics of lead transfer in 
surface waters in response to the phasing out of leaded gasoline 
in the western North Atlantic. 
Mm•oDs 
Rain samples have been collected in Bermuda (West Tower) 
at Tudor Hill since August 1988 as part of the AEROCE 
program. The samples are obtained using special automatic 
collectors with low-density polyethylene (LDPE) buckets. The 
collector is deployed on a platform at the top of a 20 m 
anodized aluminium tower. Samples are attended daily and 
collected after each precipitation event. The rain fall is 
automatically gauged and compared to the total deposition as 
recorded in a bucket. 
Seawater samples were collected on the R/V Cape Hatteras 
using 30 L Teflon©-coated Go-Flo bottles specially cleaned 
and mounted on a kevlar line. After sampling, the bottles were 
transported to a portable clean area where up to 2 L of each 
bottle were transferred to LDPE bottles and immediately frozen. 
Each sample was thawed and acidified to pH 1.5 with ullxa pure 
nitric acid a few hours prior to analysis. 
Soutar type sediment traps were deployed as a floating array 
at 150 m between April 18 and 23 at the BATS station. The trap 
consisted of paired 0.25 m 2 gel-coated fiberglass cones with 
swimmer avoidance cod ends designed by Coale [1990]. 
Material in the cod ends was preserved with high-purity 
buffered formalin. Recovered sediment was dried and all 
measurements were salt corrected. 
Lead in seawater was extracted by a dithizone-chloroform 
method and determined by isotope dilution thermal ionization 
mass spectrometry using a 2øSpb spike [Patterson and Settle, 
1976]. The uncertainty on each measurements was determined 
to be less than 2% of the total concentration. A multicollector 
VG/Sector solid source mass spectrometer was used to collect 
multiple sets of stable lead isotopes (2ø4pb, 2øtpb, 2ø7pb, and 
2øSpb) ratios on unspiked aliquots. Using the standard SRM 
981 from the National Institute of Standards and Technology 
(Gaitherburg, Md.), the precision of the instrument was found 
to be 0.1%. Because of a small fractionation factor and better 
detection limits, ratios of 2ø6pb/2ø7pb are more accurate (+ 
0.002) and are used in the discussion. As a consequence, the 
2ø6pb/2ø7pb ratios are referenced more often than other ratios. 
Lead in precipitation was analyzed by direct injection of 
unfiltered samples acidified in 0.4% HC1 into the graphite 
furnace (model 700) of a Perkin Elmer atomic absorption 
spectrometer (model 1100b) [Tramontario et al., 1987]. The 
overall uncertainty, including blanks, was less than 10% of the 
measured concentrations. 
A Conductivity/Temperature/depth rosette equipped with Go- 
Flo bottles was deployed to collect samples for nutrients, 
oxygen, salinity, temperature, and chlorophyll. Hydrographic 
parameters were provided by G.A. Cutter (Department of 
Oceanography, Old Dominion University, Norfolk, Virginia, 
private communication, 1990). 
RESULTS 
Atmospheric Transport and Deposition 
Air mass transport is characterized using retrospective air 
mass trajectories based on isentropic analysis techniques. 
Meteorological data from the National Meteorological Center 
(Camp Springs, Maryland) are used to determine geopotential 
heights and winds from which the isentropic levels are deftned. 
Assuming that air parcels retain their identity over the period 
of analysis and considering a dry adiabatic motion of the air, 
the trajectories from Bermuda are calculated up to 1 week back 
in time. The uncertainties due to these assumptions are mainly 
related to the paucity of wind data recorded over the open ocean 
and are largely discussed by Merrill [1989]. According to 
Stunder et al. [1990] and W. Ellis and J. Merrill (personal 
communication, 1991) trajectories are classified as oceanic or 
continental based on the time spent over the ocean prior to 
collection (continental with less than 3 days over the ocean 
and oceanic with 3 days or more over the ocean). Trajectories 
from North America are generally defined as continental. 
Among the oceanic trajectories, we sort trajectories associated 
with the trade easterlies. We observe that 90% of the air masses 
transported with the trade easterlies are confined from June to 
October. 
Lead concentrations in precipitation have been volume 
weighted by month in order to calculate monthly deposition 
fluxes (Figure 1). Deposition is corrected for the marine 
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recycled component based on sodium concentrations in 
precipitation and an enrichment factor of 5000 which 
expresses the enrichment of Pb/salt in sea-salt aerosols 
compared to the Pb/salt in seawater [Patterson and Settle, 
1987]. In this study, sea-salt correction accounts for less than 
5% of total lead concentrations in precipitation. 
By coupling lead deposition and the air mass trajectories 
corresponding to each rain event collected in Bermuda, we 
calculated the relative contribution of the North American 
westerlies and of the Eurafrican trade easterlies to the 
tropospheric lead input into surface waters of the Sargasso Sea 
(Figure 2). We estimate that input from the trade easterly 
regime could represent as much as 30 to 40% of the overall lead 
input in 1989 in the northwest Atlantic. 
Lead Concentrations in Seawater 
Lead concentrations in seawater are reported in Table la. The 
April profile extends to 550 m. Lead concentrations show a 
minimum in surface waters (70-75 pM), increase rapidly to a 
maximum of 120 pM at 200 m, and then slightly drop from 200 
to 550 m (a 5-10% decline). The minimum in surface waters can 
be explained by high plankton activity during the time of the 
sampling as shown by a chlorophyll peak at 100 m and a large 
oxygen consumption in the first 200 m (Figure 3a). The 
November profile lies between 0 and 150 m. Lead 
concentrations display a maximum in surface waters at 10 m 
(89 pM) and decrease sharply to reach 72 pM at 150 m. A mixed 
layer (0-50 m) due to a seasonal thermocline is evidenced in the 
salinity and temperature profiles (Figure 3b). This 
hydrographic structure inhibits exchanges with the underlying 
waters and contributes to the accumulation of lead deposited 
during summertime when plankton activity is low [Boyle et 
al., 1986]. Therefore we can expect lead concentrations to 
increase in this seasonal mixed layer during summertime. 
Despite of seasonal variations, lead concentrations in April 
and November 1989 are 10 to 50% lower than the previously 
reported data from the Sargasso Sea (Figure 4). 
Lead Isotopes 
Lead isotope ratios in surface seawater are shown in Table 
lb and axe compared to continental sources (Table 2) and 
atmospheric results obtained by the combination of air mass 
trajectories and stable lead isotopes in Bermuda [Vdron et al., 
1992]. In April, the 2øtpb/2ø7pb profile displays two different 
trends with ratios ranging from 1.186 to 1.188 in surface 
waters (0-90 m) and from 1.197 to 1.199 below (200-550 m). 
The tropospheric lead isotopic signal shows a clear Euroafrican 
signature during the time of the sampling, with 2ø6pb/2ø7pb 
ratios ranging from 1.13 to 1.18 (Table 2). Likewise, the 
November 2ø6pb/2ø7pb profile has two discrete trends 
including (1) ratios of 1.177 to 1.180 in the farst 30 m and (2) 
ratios of 1.188 to 1.190 between 50 and 150 m. The less 
radiogenic signature is confined to the seasonal mixed layer 
and corroborates the accumulation of lead from Eurafrican 
origin. The underlying water reflects a mixing of North 
American and Euroafrican sources as expected from the April 
profile. The 2øtpb/2ø7pb ratios measured in surface waters in 
1989 are significantly less radiogenic than those observed by 
$hen and Boyle [1988] in 1984 (Figure 5), while they agree 
with the Sherrell et al. [1992] profile determined in 1988 below 
100 m. These results clearly reflect the impact of the phasing 
out of leaded gasoline, as already suggested by the decrease of 
lead concentrations in Sargasso Sea surface waters. 
DISCUSSION 
Impact of the Phasing out of Leaded Gasoline in the Northwest 
Atlantic 
Lead inventory in the Sargasso Sea surface water. As 
determined from precipitation samples (AEROCE program), the 
wet input accounts for 126 pmol cm -2 of lead in Bermuda in 
1989 (Figure 1). Assuming that dry deposition represents 5 to 
20% of the total lead flux over the ocean [Settle and Patterson, 
1982; Dedeurwaerder et al., 1985; Jickells et al., 1987; 
Church et al., 1984, 1991], we calculate that the total lead 
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Fig. 2. Relative contribution of North American (hatched columns) and Eurafrican regions (shaded columns) to the 
tropospheric input of lead in Bermuda using ismtropic trajectories coupled with each rain event. 
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TABLE la. Dissolved Lead Concentrations (pmol L -x) in Surface 
Waters of the Bermuda Ariantic Time Station (BATS) 
in April and November 1989 
Depth, m April 1989 November 1989 
0.5 nd 83.2 
10 nd 89.0 
15 75.5 nd 
30 73.8 88.4 
70 nd 78.5 
90 102 nd 
150 nd 72.1 
200 120 nd 
350 112 nd 
550 115 nd 
Here nd means no determination. 
deposition to the Sargasso Sea in 1989 is 150-3:30 pmol cm -2. 
Similar estimates and calculations made by Schaule and 
Patterson [1983] in the Sargasso Sea (about 250 km northwest 
of Bermuda) indicate tropospheric lead fluxes of 950'3:120 pmol 
cm-2 in 1979, suggesting a reduction of the lead input by a 
factor of 5 to 8 between 1979 and 1989 to the western North 
Atlantic Ocean. We can verify that the decline of lead 
concentrations observed in surface waters between 1979 and 
1989 (Figure 4) is directly related to this reduction of the 
atmospheric input. To do so, we consider the surface water 
inventory of Pb in 1989 from (1) measured lead concentrations 
in April and November 1989 seawater profiles (this study) and 
from (2) a mass balance calculation using Pb inventory in 1979 
[Schaule and Patterson, 1983]. We determine (2) using a 10- 
year atmospheric input function and the oceanic vertical and 
advective in and out Pb transport in the Sargasso Sea as 
described by Boyle et al.. [1986], Shen and Boyle [1988], 
Lambert et al. [1991], Vdron et al. [1991, 1992], Sherrell et 
al. [1992], Sherrell and Boyle [1992]. This inventory (2) is 
calculated according to the following expressions: 
100 m (box 1) and 100-600 m (box 2). Box 1 corresponds to 
the surface mixed layer [Boyle et al., 1986] (Figure 3) and box 
2 corresponds to the subtropical mode water (18øC water) and to 
the upper thermocline. The terms AA1/At and AA2/At represent 
the response of the 2 reservoirs (as expressed by the lead 
inventory, A1 and A2, in each reservoir) from 1979 to 1989 as 
a function of 
f(t) time dependent tropospheric lead input to the mixed 
layer (box 1); 
AoZ1 lead accumulated in box 1 at t=o (1979) (1592 pmol 
cm -2) [Schaule and Patterson, 1983]; 
KP1 rate constant for removal of lead from box 1 by large 
particles (0.3 year 'l) [Vdron et al., 1987; Hamelin et 
al., 1990; Lambert et al., 1991 ]; 
I•2 rate constant for lead ventilation from box 1 to box 2 
(0.5 year -1) [Nozaki et al., 1976]; 
Ke rate constant for lateral export of lead from box 1 (0.1 
year -1) [Vdron et al., 1991]; 
Ki rate constant for lateral inport of lead into box 1; 
K21 rate constant for water transfer from box 2 to box 1 (0.1 
year-1); 
AoZ• lead accumulated in box 2 at t=o [1979] (8208 pmol 
cm -2) [Schaule and Patterson, 1983 ]; 
KP• rate constant for removal of lead from box 2 by small 
particles (0.013 year 'l) [Lambert et al., 1981; Sherrell 
et al., 1992; Sherrell and Boyle, 1992]; 
K23 rate constant for lead ventilation from box 2 to the 
main and lower thermocline (0.06 year -1) [Jenkins, 
1980]. 
This simple box model is presented as that for the Lasaga 
[1980] expression. Inventories are integrated over a 10-year 
period (1979-1989) according to equations (1) and (2). The 
input function f(t) corresponds to the atmospheric deposition 
as calculated by Schaule and Patterson [ 1983] in 1979 and this 
study (1989). Assuming a linear input, we estimate an annual 
deposition of 590 pmol cm -2 of lead to the Sargasso Sea 
between 1979 and 1989. This assumption leads to an 
AA1/At= f(t)+ (K21)A2 +(Ki)A1-(KP1)A1-(K12)A1-(Ke)A1 (1  atmospheric input of 630-•5 pmol cm -2 in 1983 which is in 
AA2/At = (K12)A1 - (K23)A2 - (KP2)A2 (2) good agreement with Boyle etal.'s [1986] and Jickells et al.'s [1987] calculation of total lead deposition to the Sargasso Sea 
at t=0 (1979) Ai=AoZI and A2=AoZ2. Expressions (1)and (2) in 1983 (748 pmol cm-2). Lead exported from the North 
refer to a box model for lead cycling into surface waters of the American basin is likely to partially return with North Atlantic 
Sargasso Sea where the sizes of the oceanic boxes are set at 0- Deep Waters at depth (when entrained northward by the North 
TABLE lb. Isotopic Compoai6on of Dissolved Lead in Surface Waters of the BATS Station 
Near Bermuda in April and November 1989 
, 
April 1989 November 1989 
0.5 1.186 18.50 37.95 1.180 18.45 38.11 
10 nd nd nd 1.177 18.25 37.75 
15 1.186 18.42 37.91 nd nd nd 
30 1.187 17.55 36.12 1.180 nd nd 
70 nd nd nd 1.188 18.62 38.26 
90 1.188 18.29 37.64 nd nd nd 
150 nd nd nd 1.190 18.56 38.00 
200 1.197 nd nd nd nd nd 
350 1.199 18.61 38.02 nd nd nd 
550 1.198 18.69 38.18 nd nd nd 
Here nd means no determination. 
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Fig. 3. (a) Chlorophyll (solid line) and oxygen (dashed line) concentrations in urface waters at the Bermuda Ariantic Time 
Series (BATS) stauon near Bermuda in April 1989. Co) Salinity (solid line) and temperature (dashed line) in surface waters at 
the BATS station near Bermuda in November 1989. 
Atlantic Current) or to be entrained within the Subtropical 
North Atlantic Gyre into the North African basin. According to 
Jickells et al. [ 1987] calculations, this latter recirculation and 
upwelled mixing in the upper thermocline do not significantly 
contribute to the lead inventory in the Sargasso Sea surface 
waters at the latitude of Bermuda. Therefore we consider Ki as 
negligible 'm our calculation. 
According to expressions (1) and (2), we calculate that the 
integrated lead inventory between 0 and 600 m (box 1 and 2) 
should be 5480+-1100 pmol cm -2 in 1989. The measured 
inventory from our two 1989 profiles at the BATS station is 
6500+.300 pmol cm -2. These two determinations are in good 
agreement, suggesting that the decline of atmospheric 
deposition is likely to be mos•tly responsible for the observed 
decrease of lead inventory in surface waters of the Sargasso Sea, 
although this result should be considered with caution given 
the uncertainties on our calculation and the observed seasonal 
variation of lead concentrations in the mixed layer [Boyle et 
a/., 1986 and this study]. 
Evidence of a rapid transfer of lead in surface waters. 
Comparison of the 1979 (9800 pmol cm -2) and 1989 (6500 
pmol cm -2) lead inventories between 0 and 600 m confirms the 
strong reactivity of lead in seawater. This reactivity is 
evidenced by the observed seasonal change of isotopic 
composition in surface waters (0-100 m) between April and 
November 1989 (Figure 5) without much change in 
concentration. Biological processes are likely to generate this 
efficient scavenging of lead in surface waters as suggested by a 
sediment rap deployed during 5 days at 150 m in April 1989. 
Lead fluxes measured from this trap (1.1 pmol cm -2 for 5 days) 
account for 20% of the previous 3 months of aeolian 
deposition (5.9 pmol cm-2). Such an efficient transport is 
related to high productivity in the first 100 m as shown by the 
oxygen and chlorophyll profiles (Figure 3a). During this 
particuliar period, lead is rapidly scavenged from surface waters 
associated with plankton and fecal pellets [Lambert et al., 
1991]. Stable isotopic ratios confirm this assumption, with 
large particles displaying a 2ø6pb/2ø7pb ratio of 1.187 at 
150 m, similar to those observed in surface waters of the April 
profile and different from the 2ø6pb/2ø7pb ratio at 200 m 
(1.197). These results suggest that lead is effectively 
transported through the surface water column in a few days 
during a period of high plankton activity. The homogcneity of 
the 2ø6pb/2ø7pb signal in the first 100 m (1.186-1.188) can be 
explained by the mineralization of large sinking particles 
(>10 ixm) [Lambert e al., 1991 ]. • 
Stable lead isotopic signal. A change of the U.S. isotopic 
signature from 1.21-1.23 to 1.19-1.20 has been 0b•erved in 
the western North Atlantic troposphere during the past'• 20 years 
[Shen and Boyle, 1987; Patterson and Settle 1987; Vdron et 
al., 1992]. This variation has been mainly attributed to the 
phasing out of leaded gasoline in North America, involving a 
relative change of atmospheric pollutant lead sources and a 
reduction f lead ore supply from the very radiogenic MissoUri 
ores. The atmospheric change of stable lead isotope 
composition is clearly evidenced in surface Waters of the 
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Fig. 4. Dissolved lead concentrations in Sargasso Sea surface waters in 
1979 [Schaule and Patterson, 1983] (open circles), 1984 [Boyle et al., 
1986] (3 profiles; open triangles), 1987 [Sherrell et al., 1992] (open 
square) and 1989 (this study) (2 profiles; solid circles). Isotope dilution 
mass spectrometry measurements are represented by solid lines and 
atomic absorption measurements are indicated by dashed lines. 
Sargasso Sea (JGOFS station) with 206pb/2ø7pb ratios varying 
from 1.203 in 1984 [Shen and Boyle, 1988] to 1.187 in 1989 
(this study) (Figure 5). This difference propagates to 500 m. 
Below 200 m, the isotopic signal in the April 1989 profile 
reflects an older signal which extends down to the main 
thermocline with no noticeable change (1.198:L-0.001). The 
200 similarity between the profiles at 500-600 rn suggests that the 
downward perturbation induced by changes in the tropospheric 
signal in the past 10-15 years has little or no effect on the 
reservoir of dissolved lead in the main and lower thermocline. 
Seasonal Variations and Eurafrican Input 
Lead concentrations show significant variations between 
the April and November 1989 profiles (Table 1). As shown by 
Boyle et al. [ 1986] in the Sargasso Sea, lead concentrations in 
surface waters can display seasonal variations of 25% or more. 
The low concentrations observed in the first 50 rn of the April 
profile (74-75 pM) have been explained by a rapid scavenging 
of lead associated with large biogenic particles during a period 
of high plankton activity. The maximum measured at 200 rn 
(120 pM) could be due to a partial mineralization of these 
aggregates from which lead is released. Lead concentrations in 
the first 50 rn are 15 to 20% higher in the November profile 
(83-89 pM) than in the April profile (74-75 pM). In addition, 
the concentrations in the first 50 m in November are 10 to 20% 
higher than in the underlying waters (72-78 pM). This relative 
increase in concentration can be attributed to an accumulation 
of lead as suggested by the presence of a seasonal thermocline 
which generally inhibits vertical mixing from May to October 
in the Sargasso Sea (Figure 3) [Boyle et al., 1986]. 
'The November isotopic signal measured in the seasonal 
mixed layer at 0-50 rn (206pb/207pb = 1.177-1.180) is clearly 
less radiogenic than in April (2ø6pb/2ø7pb = 1.186-1.187) and 
in the underlying waters (50-150 m) of the November profile 
(2ø6pb/2ø7pb = 1.188-1.190). The 2ø6pb/2ø7pb ratios in this 
mixed layer suggest a mixing of North American and Eurafrican 
components (Table 2). While the eastern North American 
isotopic signal is well defined in 1989 (2ø6Pb/2ø7pb = 
1.204+0.004) [Church et al., 1990; Vdron et al., 1992], the 
Euro-African signal, associated with the trade easterlies, is 
more diffuse (2ø6pb/2ø7pb = 1.11-1.16) because of the 
variation and extent of the different European sources. 
According to the air mass trajectories, the Eurafrican 
component is a significant tropospheric source in Bermuda 
during summertime (Figure 2) when lead is trapped by a water 
column thermostratification. Based on Figure 2, we calculate 
that lead from the Eurafrican region represents 51% of the 
tropospheric input into the Sargasso Sea from May to October 
1989. Lead accumulated in the seasonal mixed layer (90-•:10 
pmol cm -2) accounts for 80% of the atmospheric deposition 
during that period (110-t:20 pmol cm-2). Assuming that lead in 
TABLE 2. Recent •ø6•Po Signatures in the Troposphere of the Regions Potentially 
Contributing to the Atmospheric Isotopic Signal in the Northwest Adnntlc 
Source ••I•o Date Location Reference 
Western Europe 1.115-1.150 1990 
1.130-1.155 1988 
Eastern United States 1.198-1.203 1989 
1.205-1.210 1988 
Trade easterlies 1.150-1.160 1988 
Mixed United States/F. arafrican 1.193 April 19, 1989 
1.186 April 20, 1989 
1.179 Apd121, 1989 
1.182 April 21, 1989 
1.131 April 22-23, 1989 
Irel•, Suias, Fr., Ger. A.R. Flegal et al. (l•r•. comm. 1992) 
Sweden Hopper et al. [1991] 
We, stem N. Atlantic 
Western N. Atlantic 
Southern N. Atlantic 
JGOFS BATS station 
JGOFS BATS station 
JGOFS BATS station 
JGOFS BATS station 
.IGOFS BATS station 
V,•ron et al. [ 1992] 
Church et al. [1990] 
Church et al. [1990] 
Vtron et al. [ 1992] 
V•ron et al. [ 1992] 
V•tron et al. [ 1992] 
Wron et al. [ 1992] 
Vtron et al. [1992] 
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1,17 
0 
(m) 
206Pb/207Pb 
1,18 1,19 1,20 
1989 
100' 1988 
200 
1984 
the phasing out of leaded gasoline in North America. By 
coupling each precipitation event to the corresponding 
1,21 retrospective isentropic air mass trajectories, we estimate that 
30 to 40% of lead deposition in the western North Atlantic is 
associated with the Eurafrican trade easterlies. Considering 
these results, we calculate the average isotopic signal 
(2ø6pb/2ø7pb) in the Sargasso Sea surface water and in the Euro- 
African trade easterlies to be 1.188 (+0.004) and 1.155 
(•-0.004) respectively. These isotopic signatures as well as the 
relative increase of the Eurafrican contribution and its impact 
on surface waters should be taken into account when modeling 
the future response of lead cycling in relation to changes of the 
tropospheric input in the western North Atlantic Ocean. 
300 
400 
500 
600' 
700 
Fig. 5. Stable lead isotopes (•0•Phti07pb) in surface waters at the BATS 
station near Bermuda in 1984 [Shen and Boyle, 1988] (open triangles), 
1988 [Sherrell et al., 1992] (open squares) and 1989 (this study) (April, 
closed circles; November, solid squares). 
the mixed layer reflects summertime atmospheric input and 
considering 2ø6pb/2ø7pb ratios in the mixed layer 
(1.178+0.001) and in the North American westerlies 
(1.204+0.004), we calculate that the integrated 2ø6pb/2ø7pb 
signal from Eurafrican sources is 1.155+0.004 in the northwest 
Atlantic troposphere. This result is in good agreement with 
Church et al. [ 1990] measurements in the trade easterlies which 
displayed 2ø6pb/2ø7pb ratios ranging from 1.150 to 1.160 in 
August 1988. Considering these isotopic signatures and the 
atmospheric sectoring at Bermuda, we calculate that the average 
206pb/2O7pb ratio in the Sargasso Sea surface waters should be 
1.188 (+0.004). 
CONCLUSIONS 
We use the combination of 3 years of atmospheric 
deposition records with surface seawater collections in 1979 
and 1989 to determine the impact of seasonal and long-term 
changes of the tropospheric input function on lead cycling in 
the northwest Atlantic. We observed that the tropospheric lead 
input to the Sargasso Sea surface waters has declined by a factor 
of 5 to 8 since 1979. This significant decrease is mostly due to 
Acknowledgments. This research was supported by grants from NSF 
Atmospheric Sciences Division (ATM 9040433 and 9013224) as part of 
the AEROCE program. We are very grateful to G. Cutter for the ship 
time provided as part of his NSF grant (OCE-8800371) and to J. Merrill 
for meteorological analysis (NSF ATM 9013192). The authors wish to 
thank K. Bruland and W. Landing for their assistance on board the R/V 
Cape Hatteras as well as E.A. Boyle, T. lickells, and B. Hamelin for 
useful reviews. 
REFERENCES 
Boyle, E.A., S.D. Chapnick, G.T. Shen, and M.P. Bacon, Temporal 
variability of lead in the western North Atlantic Ocean, J. 
Geophys. Res., 91, 8573-8593, 1986. 
Chow, TJ., C.B. Snyder, and J.L. Earl, Isotope ratios of lead as pollutant 
source indicators, Proc. Spec. Meet. IAEA-SM-191/4, pp. 95-108, 
Int. At. Energy Comm. Vienna, 1975. 
Church, T.M., J.M. Tramontano, J.R. Skudlark, T.D. Jickells, J.J. Tokos 
and A.H. Knap, The wet deposition of trace metals to the western 
Atlantic Ocean at the mid Atlantic coast and on Bermuda, Atmos. 
Environ., 18, 2657-2664, 1984. 
Church, T.M., A. Viron, A.R. Flegal, C.C. Patterson, D. Setfie, Y. Erel, 
H.B. Mating, and J.T. Merrill, Trace metal sources, transport, and 
scavenging in the North Atlantic atmosphere: Shipboard results of 
precipitation and aerosols, Global Biogeochem. Cycles, 4, 431-443, 
1990. 
Church, T.M., J.M. Tramontano, D.M. Whelpdale, M.O. Andteac, J.N. 
Galloway, W.C. Keene, A.H. Knap, and J. Tokos, Atmospheric 
and precipitation chemistry over the North Atlantic Ocean: 
Shipboard results from April-May, 1984, J. Geophys. Res., 96, 
18,705-18,725, 1991. 
Coale, K.H., Labyrinth of doom: A device to minimize the "swimmer" 
component in sediment trap collections, Limnol. Oceanogr, 35(6), 
1376-1381, !990. 
Dedeurwaerder, H.L., W.F. Baeyens, and F. Dehairs, Estimates of dry 
and wet deposition of several trace metals in the southern bight of the 
North Sea, in Proceedings o.f the 5th International Conference on 
Heavy Metals in the Environment, vol. 1, edited by Lekkas, pp. 135- 
137, CEP Consultants, Edinburgh 1985. 
Duce, R.A., G.L. Hoffman, B.J. Ray, I.S. Fletcher, G.T. Wallace, J.L. 
Fashing, S.R. Piotrowicz, P.R. Walsh, EJ. Hoffman, J.M. Miller, and 
J.L. Heffter, Trace metals in the marine.atmosphere: sources and 
fluxes, in Marine Pollutant Transfer, edited by H. Windom 'and R. 
Duce, pp. 77-119, Heath, Lexington, Mass., 1976. 
Erel Y., C.C. Patterson, M.J. Scott and JJ. Morgan, Transport of industrial 
lead in snow through soil to stream water and groundwater, Chem. 
Geol., 85, 383-392, 1990. 
Flegal, A.R., T.F. Duda, and S. Niemeyer, High gradients of lead isotopic 
composition in north-east Pacific upwelling filaments, Nature, 339, 
458-460, 1989. 
Galloway, J.N., and D.M. Whelpdale, Watox 1986 overview and western 
North Atlantic Ocean S and N budgets, Global B iogeochem. 
Cycles, 1,261-281, 1987. 
Hamelin, B., F.E. Grousset, P.E. Biscaye, A. Zindler, and J.M. Prospero, 
Lead isotopes in trade wind aerosols at Barbados: The influence of 
European emissions over the North Atlantic, J. Geophys. Res., 94, 
16,243-16,259, 1989. 
Hamelin, B., F. Grousset, and E.R. Sholkovitz, Pb isotopes in suficial 
pelagic sediments from the North Atlantic, Geochirn. Cosrnochirn. 
Acta, 54, 37-47, 1990. 
Hopper, J.F., H.B. Ross, W.T. Sturges, and L.A. Barfie, Regional source 
discrimination of atmospheric aerosols in Europe using the isotopic 
composition of lead, Tellus, ser. B, 43, 45-60, 1991. 
Jenkins, WJ., Tritium and He 3 in the Sargasso Sea, J. Mar. Res, 38,533- 
569, 1980. 
18,276 VERON ET AL.: LEAD CYCLING INTHE SARGAS$O SEA 
Jickells, T.D., T.M. Church, and W.G. Deuser, A comparison of 
atmospheric inputs and deep-ocean particle fluxes for the Sargasso 
Sea, Global Biogeochem. Cycles, 1, 117-130, 1987. 
Lambert, C.E., C. Jehanno, N. Silverberg, J.C. Brun-Cottan, and R. 
Chesselet, Log-normal distributions of suspended particles in the 
LarnO•n ocean, J. Mar. Res, 39(1), 77-98, 1981. 
rt, C.E., A. V6ron, P. Buat-M6nard, M. Heymud, F. Grousset, and 
W. Simpson, The role of large biogenic particles in the transport of 
atmospheric pollutant Pb down to North Atlantic sedimentsß 
Oceanol. Actaß 14, 67-76ß 1991. 
Lasaga, A.C., The kinetic treatment of geochemical cyclesß Geochim. 
Cosmochim. Actaß 44, 815-828, 1980. 
Mating, H., C.C. Patterson, and D.M. Settle, Atmospheric input fluxes of 
industrial and natural Pb from the westerlies to the mid-North 
Pacific, in Chemical Oceanography, vol. 10, edited by J.P. Riley and 
R. Chester, pp. 84-105, Academic, San Diego, Calif., 1989. 
Merrill, J.T., Atmospheric long range tm. nsport o the Pacific Ocean, in 
Chemical Oceanography, vol. 10, edited by J.P. Riley and R. Chesterß 
Academic, San Diego, Calif., 1989. 
Murozomi, M., T.I. Chow, and C.C. Patterson, Chemical concentrations 
of pollutant lead aerosolsß terrestrial dusts and sea salts in 
Greenland and Antartic snow strataß Geochim. Cosmochim. Actaß 
33, 1247-1294, 1969. 
Ng, A., and C.C. Patterson, Natural concentrations of lead in ancient 
arctic and Antarctic ice, Geochim. Cosmochim. Actaß 45, 2109- 
2121ß 1981. 
Nozaki, Y., J. Thomson, and C.C. Turekian, The distribution of Pb-210 
and Po-210 in the surface waters of the Pacific Ocean, Earth 
Planet. Sci. Lett., 32, 304-312, 1976. 
Nriagu, J.O., and J.M. Pacyna, Quantitative assessment of worldwide 
contamination of air, water and soils by trace metals, Nature, 333, 
134-139, 1988. 
Patterson, C.C., Global pollution measured by lead in mid-ocean 
sediments, Nature, 326, 244-245, 1987. 
Patterson, C.C., and D.M. Settle, The reduction of order of magnitude 
errors in lead analyses of biological materials and natural waters by 
evaluating and controlling the extent and sources of industrial lead 
contamination introduced during sample collecting and analysis, in 
Accuracy in Trace Analysis: Sampling, Sample Handling, Analysis, 
edited by P. Lafieur, Natl. Bur. Stand. Spec. Publ. 422, 321-351, 
1976: 
Patterson, C.C., and D.M. Setfie, Review of data on eolian fluxes of 
industrial and natural ead to the lands and seas in remote regions on 
'•Sglobal scale, Mar. Chern, 22, 137,162, 1987. 
Scheme B.K. and C.C. Patterson Perturbations of the natural lead 
• ß ' .• , . ß . . . p•5•iie m the Sargasso Sea by industrial leadß m Trace Elements n
'•bhter, edited by C.S. Wong, E,A. Boyleß K. Binland, D. Burton, 
•d E.D. Goldberg, pp. 487-503, Plenum, New York, 1983. 
Setti•! D.M., and C.C. Patterson, Magnitude and sources of precipitation 
and dry deposition fluxes of industrial and natural leads to the North 
Pacific at Enewetak, J. Geophys. Res., 87, 8857-8859, 1982. 
Shen, G.T., and E.A. Boyle, Lead and corals: Recons•cfion of historical 
industrial fluxes to the ocean surface, Earth Planet. Sci. Lett., 82, 289- 
304, 1987. 
Sheri, G.T., and E.A. Boyle, Thermocline ventilation of anthropogenic 
lead in the western North Atlantic, J. Geophys. Res., 93, 15,715- 
15,732, 1988. 
Sherrell, R.M.ß and E.A. Boyle, The trace metal composition of 
suspended particles in the oceanic water column near Bermuda, 
Earth Planet. Sci. Lett., 111, 155-174, 1992. 
Sherrell, R.M., E.A. Boyle, and B. Hamelin, Isotopic equilibration 
between dissolved and suspended particulate lead in the Atlantic 
Ocean: Evidence from Pb-210 and stable Pb isotopes, J. Geophys. 
Res., 97, 11,257-11,268, 1992. 
Shirahata, H., R.W. Elias, C.C. Patterson, and M. Koide, Chronological 
variations in concentrations and isotopic compositions of 
an.thropogenic atmospheric lead in sediments of a remote subalpine 
pond, Geochim. Cosmochim. Acta, 44, 149-162, 1980. 
Stunder, B.J.B., R.S. Artz, G.D. Rolph, J.M. Harris, and J.T. Merrill, 
S .ummary of meteorological conditions over the North Atlantic Ocean 
during GCE/CASE/WATOX, Global Biogeochem. Cycles, 4, •33-150, 
1990. 
Sturges, W.T., and L.A. Barfie, Lead 206/207 isotope ratios in the 
atn?os. phere of North America: Tracers of American and Canadian 
ermssxons, Nature, 329, 144-146, 1987. 
Sturges, W.T., and L.A. Barfie, The use of stable lead 206/207 isotope 
ratios and elemental composition to discriminate the origins of lead in 
aerosols at a rural site in eastern Canada, Atrnos. Environ., 23, 
1645-1657, 1989a. 
Sturges, W.T., and L.A. Barfie, Stable lead isotope ratios in Artic 
aerosols: Evidence for the origin of artic air pollution, Atmos. 
Environ., 23, 2513-2519, 1989b. 
Trarnontano, J.M., J.R. Schudlark, and T.M. Church, A method for the 
collection, handling and analysis of trace metals in precipitation, 
Environ. Sci. Technol, 21,749-753, 1987. 
V6ron, A., C.E. Lambert, A. Isley, Linet P., and F. Grousset, Evidence of 
recent lead pollution in deep northeast Atlantic sedimentS, Nature, 
326, 278-281, 1987. 
V6ron, A., T.M. Church, and A.R. Flegal, Impact of the subtropical 
North Atlantic Gyre circulation on the distribution of dissolved Pb in 
the eastern North Atlantic Ocean, EOS Trans. AGU, 72(51), Ocean 
Sciences Meeting suppl., 44, 1991. 
V6ron, A., T.M. Church, C.C. Patterson, Y. Erel, and J.T. Merrill, 
Continental origin and industrial sources of trace metals in 
the northwest Atlantic troposphere, J. Atmos. Chem., 14, 339-351, 
1992. 
T.M. Church, College of Marine Studies, University of Delaware, 
Newark, DE 19716. 
Y. Erel and C.C. Patterson, Division of Geological and Planetary 
Sciences, Calffo•a Institute of Technology, Pasadena, CA 91125. 
A.R. Flegal, Institute of Marine Sciences, University of California, 
Santa Cruz, CA 95064. 
A.J. V6ron, Lab. des G6osciences de l'Environnement, UniVersit6 
Aix-Marseille 1TI, CNRS 132 CASE 431, 13397 Marseille cedex 20, 
France. 
(Received May 29, 1992; 
revised March 19, 1993; 
accepted June 4, 1993.) 
